1. Introduction {#sec0005}
===============

Working memory (WM) capacity increases from early childhood until early adulthood ([@bib0120]; [@bib0195]), but the rate of development, as well as the maximum WM capacity, differs considerably between individuals. At the lower end of the distribution, WM capacity is associated with several neuropsychiatric disorders, including ADHD ([@bib0205]; [@bib0230]), dyslexia ([@bib0005]; [@bib0170]) and dyscalculia ([@bib0400]; [@bib0200]). However, the neural bases for variability in the rate of WM development are poorly understood. The importance of understanding the neural basis of WM variability throughout development is two folded: on one hand it would improve and refine our theoretical knowledge of WM and how it changes over time and development, on the other hand it could be useful to design and test theoretical driven intervention to improve WM, as well as for early identification of children which may need those intervention the most.

In cross-sectional studies, neuroimaging of children and adolescents of different ages show that WM development is related to an increase in the BOLD signal within the intraparietal cortex, superior frontal sulcus, and dorsolateral prefrontal cortex ([@bib0150]; [@bib0175]; [@bib0090]; [@bib0250]) and cortical thinning in the frontal and parietal cortices ([@bib0360], [@bib0365]; [@bib0260])(13--15). Two longitudinal studies, however, found that BOLD activity in the frontal and parietal cortices is associated with current WM capacity, but not future WM, while BOLD activity in the striatum is related to future WM ([@bib0375]; [@bib0100]).

Dopamine-levels in the brain are associated with WM performance in non-human primates ([@bib0325]; [@bib0380]) and several human polymorphisms within dopamine-related genes (COMT, DAT1, DRD4), are associated with WM capacity. For example, reduced COMT (Val158Met) enzymatic activity in Met carriers is associated with higher WM performance in adults ([@bib0040]; [@bib0045]). Developmental genetic studies suggest that this effect could be age-related and that the Met-allele is not beneficial in younger children ([@bib0385]; [@bib0115]).

There is an interaction between DAT-1 polymorphism and WM load that affects the activity in striatum of children ([@bib0355]). The DAT1 (SLC6A3) gene codes for a presynaptic transporter for uptake of dopamine, and thus affecting the amount of available dopamine in the synaptic cleft. DAT1 is most densly expressed in the striatum ([@bib0065]). Heinz et al. showed 22% higher DAT1 availability in putamen of a DAT1 variation (10-repeat homozygotes) compared to those who did not possess this variation (9-repeat carriers) ([@bib0135]).

Recent studies have tested which neural and genetic factors mediate inter-individual differences in the rate of WM improvement after WM training ([@bib0060]; [@bib0310]; [@bib0055]). Training-related improvement can be safely assumed to be experience-dependent. If development during childhood is also (at least partially) driven by experience-dependent processes, than it can be hypothesized that the genes or brain structures associated to training related improvement should also affect development. This is not to say that training and development are just the same process on a different time scale or different extent: natural development take place in the real world and it is a continuous process. Not only, but by nature it is more multisensorial, engaging and motivationally relevant that any training regime can be. In addition, there are likely other neural factors underlying WM capacity, independently of training or plasticity. However, aside from theoretical works, many studies suggest that training and natural development partially share some neurophysiological mechanism. Several WM training-related changes are associated with the dopamine system. WM training gains are associated with changes in density of D1 receptors in the frontal and parietal cortices ([@bib0215]) as well as with increased striatal dopamine release ([@bib0030]). The latter findings could relate to training-related increases in striatal BOLD signal ([@bib0245]; [@bib0095]), as increased dopamine release in the striatum is associated with higher BOLD signal ([@bib0395]). Genetic studies of WM training have found associations between the amount of improvement during WM training and polymorphism of DAT1 VNTR (rs27072) ([@bib0060]), DAT1 polymorphism (rs40184) ([@bib0310]), COMT (rs4680) ([@bib0055]) and a polymorphism of DRD2/ANKK1 genes (rs1800497) ([@bib0315]). Following up on Söderqvist et al. ([@bib0310]), Nymberg et al. showed that the same SNP was related to WM in a large sample of 14-year olds. ([@bib0240]).

Brain activity in the striatum has thus been linked to relative improvement in WM during development ([@bib0375]; [@bib0100]) and to improvement after WM training ([@bib0245]; [@bib0095]). However, there has been no longitudinal study focusing on genetic variability and WM development. Furthermore, no study has investigated the interactions between striatal morphology and dopaminergic polymorphisms on the rate of WM development.

Apart from subcortical structures, it has been shown that WM training also affect cortical morphology (e.g. increase in cortical thickness in frontal and parietal regions ([@bib0220])), cortical activity (e.g. increase in activity in regions of the fronto-parietal networks ([@bib0160]; [@bib0075])) as well as connectivity of specific resting state network (e.g. increase in connectivity at rest between fronto-parietal network regions and lateral occipital complex as well as inferior temporal gyrus ([@bib0020])). Although these results are of interest for the relationship between training and natural development, as for example it has been shown that WM development is associated with increased anatomical connectivity in similar regions of the fronto-parietal network ([@bib0155]), we decided to focus on striatal regions, as these are the regions where evidence from genetic and imaging studies converge more convincedly.

In the present study, we tested the hypothesis that genetic variability associated with the relative improvement during WM training (DAT-1, DRD2, DRD4, COMT) would also be associated with the rate of increase in WM capacity during normal development. Moreover, based on the high DRD2 and DAT1 expression in striatum, and the previous association between striatal activity and WM development ([@bib0375]; [@bib0100]), we hypothesized that the morphology of the striatum would also be associated with relative increase in WM capacity during adolescence. We used the CANTAB self-ordered spatial working memory task, which has previously been shown to be sensitive to damage to the prefrontal cortex (38) and to basal ganglia disorders such as Parkinson\'s and Huntington\'s diseases ([@bib0270], [@bib0275]). Moreover, performance on this task is sensitive to dopaminergic modulation as shown by studies with D2 receptor agents in participants stratified according to the *Taq1A* polymorphism ([@bib0225]), effects of L-Dopa in patients with Parkinson\'s disease ([@bib0180]) and by studies using position emission tomography showing correlations with D2 receptor availability in healthy volunteers ([@bib0070]) and patients with Parkinson\'s disease ([@bib0085]). Finally, performance on this task has been shown to measure the gradual improvement in working memory development from childhood to adolescence ([@bib0105]). However, the neural basis for this maturation remains to be elucidated.

2. Method {#sec0010}
---------

### 2.1. Participants {#sec0015}

The IMAGEN sample is comprised of \>2000 14-years-old adolescents that were tested at one of eight assessment centers (London, Nottingham, Dublin, Berlin, Hamburg, Paris, Dresden, and Mannheim)([@bib0340]). WM data were collected from 2048 of the participants at age 14 (WM14). Out of this sample 756 participants from six assessment sites (London, Dublin, Berlin, Paris, Dresden and Mannhaim) completed the WM task also at age 19 (WM19) (between visits range = 3--7 years, mean = 4.5 years, sd = 0.7 years). 698 of these individuals had complete genetic data and 487 of these individuals had quality controlled structural MRI data. These latter individuals made up the sample of the present study.

### 2.2. CANTAB working memory {#sec0020}

WM was assessed using the CANTAB self-ordered spatial working memory task ([@bib0265]; [@bib0305]) at both time points ([@bib0050]). This computerized task displays a number of squares (\'boxes\') displayed on a touch-sensitive screen. The aim of the test is for the participants to open the boxes to find the single blue token provided in each of a number of boxes (ranging from 4 to 8 over successive blocks) and use them to fill up an empty column. The color and position of the boxes are changed from trial to trial to discourage the use of stereotyped search strategies. If the participant returns to an empty box that has already been opened on that trial this constitutes a 'between search error'. Hence lower between search errors indicates better performance. The test was completed in the presence of a researcher to ensure instruction compliance.

### 2.3. Genetics {#sec0025}

Polymorphisms were selected on the basis of previously published studies which have found association between genetic variability in dopamine-related genes and WM training ([@bib0310]; [@bib0055]). DNA was extracted from blood samples. Five single nucleotide polymorphisms from four genes (rs27072 and rs40184 from DAT1/SLC6A3, rs1800497 from DRD2/ANKK1, rs4680 from COMT and rs11246226 from DRD4; [Table 1](#tbl0005){ref-type="table"}) were extracted using the software Plink ([@bib0295]). Genotyping procedures have previously been published ([@bib0235]), further details are provided in the supplemental information.Table 1Single nucleotide polymorphisms included in analyses.Table 1GeneSNPPositionLocationDAT1rs40184Chr5:1395077intron 14DAT1rs27072Chr5: 1394522in 3\'-UTRDRD2/ANKK1rs1800497Chr11: 113270828Exon 8COMTrs4680Chr22: 18331271Exon 4DRD4rs11246226Chr11: 641191500 bp downstream of 3\'-UTR

### 2.4. MRI data acquisition and analysis {#sec0030}

Structural MRI data was acquired at six IMAGEN assessment sites with 3T MRI scanners of different manufacturers (Siemens, Philips, General Electric, Bruker). The scanning variables were specifically chosen to be compatible with all scanners. The same scanning protocol was used at all sites. High-resolution T1-weighted 3D structural images were acquired for each subject (TR = 2300 ms, TE = 2.8 ms, 256 × 256 × 160 matrix, voxel size 1.1 × 1.1 × 1.1). T1-3D images were skull-stripped using the Brain Extraction Tool (BET) ([@bib0350]). Subcortical nuclei (caudate nucleus, putamen, nucleus accumbens) were automatically segmented from T1 images using the FMRIB imaging registration and segmentation tool (FIRST) (<http://www.fmrib.ox.ac.uk/fsl/first/index.html>). All of the free parameters were set at their default values, based on prior optimization of these parameters ([@bib0285]; [@bib0280]). FIRST generated several coronal, axial and sagittal slices with the superimposed segmented structure displayed, which enabled us to perform quality control of the segmentation of dubious outliers. [Fig. 2](#fig0010){ref-type="fig"} shows the results of the segmentation for the oldest and the youngest subjects, as well as for the subject that was closer to the average age of the sample at 14.

T1 images were segmented in grey matter, white matter and CSF partitions by means of SPM. A study-specific template was then created using SPMs diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) toolbox ([@bib0015]). The same toolbox was used to warp the single grey and white matter density images onto the template while modulating density values in order to correct for expansion and contraction introduced by the warping.

For the grey matter density analysis we extracted the grey matter density using as ROIs the left and right putamen as segmented by FIRST in the previous step.

### 2.5. Statistical analyses {#sec0035}

Statistical analyses were performed in SPSS version 22 and R (<https://www.r-project.org/>). We computed the total size of the striatum by adding the volumes from both left and right hemisphere of the nucleus accumbens, caudate and putamen and tested 5 models for the 5 different SNPs. WM performance at age 19 (WM19), WM performance at age 14 (WM14) and striatal volume were mean centered and then outliers (defined as point below 1.5 times the lower interquartile distance and above 1.5 times the upper interquartile distance) were set to 1.5 time the value of the relevant interquartile distance. All the SNPs except two were coded for an additive effect: the minor allele was coded as 0, the heterozygote was codes as 1 and the major allele was coded as 2. In coding rs27072 (DAT1) and rs1800497 (DRD2) the minor allele was lumped with the heterozygotes as our sample contained less than 5% of the former, so that in the model the minor allele and the heterozygote were coded as 1 and the major allele as 2.

The first analyses focusing on the volume of the whole striatum, the five SNPs and their interaction were exploratory in nature and thus the p values were not corrected for multiple comparisons. In the subsequent analyses (i.e. focusing on rs 40184) p values were corrected for multiple comparisons using Bonferroni correction.

3. Results {#sec0040}
==========

Participants were on average 14.47 (±0.39) years old at first testing and 18.92 (±0.71) years old at follow-up ([Fig. 1](#fig0005){ref-type="fig"}A). There were 2 outliers for the WM measure at first testing and 21 for the WM measure at follow-up. The outliers were set to 1.5 times the value of the relevant interquartile distance. In the first testing subjects committed on average 17.9 (±13.3) errors on the WM task and 10.5 (±10.5) errors at the follow-up. This represented a change of 0.62 standard deviations, which was significant (paired sample *t*-test: t = −13.65, p \< 0.0001, Cohen's d: 0.62). The correlation of test score between first and second measurement of the CANTAB SWM task was r = 0.5. As shown in [Fig. 1](#fig0005){ref-type="fig"}B, there was considerable variance in the amount of improvement on the WM tasks, and the subsequent analyses were aimed at finding factors associated with the rate of improvement.Fig. 1Subcortical nuclei segmentation. Axial and coronal view of the subcortical segmentation overlaied onto the anatomical T1-wighted image for the youngest subject (age = 13.19 years), the oldes subject (age = 15.67 years) and the subject clostest to the average (age = 14.01). Striatal nuclei were segmetned together with pallidum, thalmus, hippocampus and amygdala in order to benefit of the automatic overlap correction performed within FIRST.Fig. 1Fig. 2Behavioral finding. A) Age distribution at baseline and follow-up. B) Number of errors at baseline and follow up, the lines connect the performance of the same subject at both time point and are color coded according to the decrease in number of errors. C) Scatterplot illustrating the interaction between rs40184 and putamen volume on WM development. The x axis reports the Z-transformed putamen volume while y axis reports the residuals of WM performance at follow-up over WM performance at baseline, acquisition site and sex. D) Scatterplot illustrating the interaction between rs40184 and putamen volume on WM development. The x axis reports the Z-transformed putamen volume while y axis reports the residuals of WM performance at follow-up over WM performance at baseline, acquisition site and sex.Fig. 2

3.1. Main effects and interactions of dopamine SNPs and striatal volume on WM {#sec0045}
-----------------------------------------------------------------------------

In order to evaluate the effect of SNPs and striatal volume on WM development, we performed an analysis with WM capacity at age 19 as the dependent variable. The independent variables were SNP, striatal volume, the interaction of SNP and striatal volume, and WM capacity at age 14:

By controlling for WM at age 14, this model evaluated factors that contribute to the change in WM capacity between age 14 and 19. In this as in all other models presented throughout the paper we controlled for the effect of acquisition site (parameter *site* in the model) and for the effect of sex (parameter *sex* in the model).

Our analyses revealed no main effects of any of the five SNPs or main effect of striatal volume on WM development (see [Table 2](#tbl0010){ref-type="table"}), but a trend towards an interaction between DAT1 rs40184 and striatal volume (F = 2.61, p = 0.075). Note that these first analyses were exploratory and thus the p values were not corrected for multiple comparisons.Table 2Main effects and interactions of dopamine SNPs and striatal volume on WM development from age 14 to age 19 (based on the model: *WM19* *=* *β~0~ + β~1~ SNP + β~2~ striatum volume + β~3~SNP* *×* *striatum volume + β~4~WM14 + β~5~sex + β~6~site + ε*). Uncorrected trends denoted in bold.Table 2Model for SNP:ANKK1 rs1800497DAT1 rs40184DAT1 rs27072COMT rs4680DRD4 rs11246226**SNP**F = 0.26, p = 0.61F = 0.42, p = 0.66F = 1.19, p = 0.28F = 0.61, p = 0.55F = 2.59, p = 0.11**Striatal Volume**F = 1.84, p = 0.18F = 1.35, p = 0.25F = 1.96, p = 0.16F = 2.45, p = 0.12F = 1.07, p = 0.30**SNP\*Striatal Volume**F = 0.82, p = 0.37**F** **=** **2.61, p** **=** **0.075**F = 0.08, p = 0.77F = 0.05, p = 0.96F = 2.49, p = 0.12

The trend towards significance found for rs40184 when the volume of the whole striatum was entered in the analysis suggested that there could be a spatially specific effect for one of the striatal nuclei. Thus, we divided the striatum into its nuclei, i.e. nucleus accumbens, caudate and putamen in order to investigate main effects and interactions between rs40184 and each of these regions on WM development. The same model was used, but with the subregions (bilateral accumbens, caudate or putamen) instead of the entire striatum in the model. These analyses revealed a significant interaction of rs40184 and putamen volume on WM development (F = 5.22, p = 0.004, p − FWE = 0.012 corrected across the three subcortical nuclei). This interaction remained significant when exact age in months at follow-up was included as a covariate in the model (F = 4.77, p = 0.006, p-FWE = 0.016 corrected across the three subcortical nuclei). The result were also significant when time between measurements were included as a covariate (F = 5.41, p = .005).

A follow-up analysis showed that the effect of putamen volume amongst TT homozygotes was significantly different from the TC heterozygotes (p = 0.0009) and not different from CC homozygotes (p = 0.11) ([Fig. 1](#fig0005){ref-type="fig"}C). Neither rs40184 nor the rs40184-by-subcortical nuclei interaction were significant for the models testing the effect of accumbens or caudate volume on WM ([Table 3](#tbl0015){ref-type="table"}).Table 3Main effects and interactions between SNP rs40184 and subcortical nuclei (nucleus accumbens, caudate and putamen) on WM development from age 14 to age 19 *(i.e. WM19* *=* *β~0~ + β~1~ rs40184 + β~2~ subcortical nuclei + β~3~rs40184* *×* *subcortical nuclei + β~4~WM14 + β~5~sex + β~6~site + ε*). Significant p-values (p \< .05) denoted in bold.Table 3Model for subcortical nuclei:L/R AccumbensL/R CaudateL/R Putamen**rs40184**F = 0.45, p = 0.64F = 0.53, p = 0.59F = 0.34, p = 0.71**Subcortical nuclei**F = 1.76, p = 0.19F = 1.48, p = 0.22F = 0.33, p = 0.56**Rs40184\*Subcortical nuclei**F = 0.44, p = 0.65F = 1.08, p = 0.34**F** **=** **5.22, p** **=** **0.004**

In order to confirm the interaction effect between rs40184 and putamen volume using a second method we extracted gray matter density in the putamen and fitted the same model as above, but replacing putamen volume with putamen gray matter density. We identified significant interactions between DAT1 rs40184 and putamen gray matter density on WM development (by using WM at age 19 as outcome variable while controlling for WM at age 14) (F = 4.76, p = 0.012; F = 4.72, p = 0.013 when age at follow up was included in the model; [Fig. 1](#fig0005){ref-type="fig"}D). Supporting the previous results, we found that the effect of putamen grey matter density on improvement was significantly different between TT homozygotes and TC heterozygotes (p = 0.002) while it did not differ between TT and CC homozygotes (p = 0.083) and not different between TC heterozygotes and CC homozygotes (p = 0.31).

In order to have an index of the strength of the evidences in favor of the effect of the interaction between rs40184 and morphometry we calculated the Bayes Factors (BF) for the full model (i.e. the one including the interaction) and the model without the interaction. The BF were calculated for both volume and grey matter density as index of morphometry. The ratio between the BFs of the full model and of the restricted model was 3.47 for volume and 5.91 for grey matter density. Both of these values indicate moderate evidence in favor of the alternative hypothesis ([@bib0190]).

3.2. Main effects and interaction of striatal volume and rs40184 on working memory at age 14 and 19 {#sec0050}
---------------------------------------------------------------------------------------------------

The prior results suggested a rs40184-by-putamen effect on development of WM. If this is true, one might expect that such an effect would be present also for WM at age 14 and 19, since WM capacity at that these ages are partly dependent on development of WM in the prior years. Therefore, we next tested this hypothesis using the following model:

We found a non significant effect of rs40184-by-putamen volume interaction on WM14 (F = 3.15, p = 0.051). However, the interaction reached significance when age at baseline was included in the model (F = 3.33, p = 0.043). Comparing the genotypes pairwise showed that the effect of putamen volume in the TT homozygotes was significantly different than in the CC homozygotes (p = 0.017), but not different from TC heterozygotes (p = 0.21). The effect of putamen volume was not different between TC heterozygotes and CC homozygotes (p = 0.12). When replacing putamen volume with putamen grey matter density we found again that the interaction was not significant (F = 2.85, p = 0.063). However, as for the volume, the interaction reached significance when including age at baseline in the model (F = 3.25, p = 0.041).

Finally, there was a significant rs40184-by-putamen volume interaction also for WM at age 19 (F = 5.94, p = 0.002). The interaction remained significant when age at follow-up was included in the model (F = 5.97, p = 0.002). Pairwise comparisons of the genotypes showed that the effect of putamen volume in the TT homozygotes was significantly different than in both the CC homozygotes (p = 0.012) and the TC heterozygotes (p = 0.0004). The effect was not different between TC heterozygotes and CC homozygotes (p = 0.41). This interaction was also found to be significant when putamen volume was replaced in the model with putamen grey matter density (F = 5.65, p = 0.007; F = 5.91, p = 0.005 when age at follow-up was included in the model). Note that the analyses reported in this paragraph only focused on putamen, as a follow up of the main analysis, and as such we have not applied correction for multiple comparisons.

We have performed additional analyses collapsing TC and CC allele obtaining similar results than in the main analyses. These analyses are reported in the supplemental information.

4. Discussion {#sec0055}
=============

This study investigated the hypothesis that variability in spatial WM development and variability in response to WM training partially share genetic and neural underpinnings. Building on the importance of the dopamine system for both spatial WM ([@bib0325], [@bib0330]), WM development ([@bib0115]) and for response to WM training ([@bib0215]; [@bib0030]; [@bib0025]; [@bib0315]) we tested the effect of a subset of dopamine-related genetic polymorphisms, which had been associated with WM improvement after training, on WM development during adolescence. Moreover, in the light of the significant role of the striatum in both SWM development ([@bib0270]; [@bib0185]; [@bib0070]; [@bib0080]) and response to WM training ([@bib0095]; [@bib0210]; [@bib0030]; [@bib0145]), we tested if variability in striatal morphology is related to WM development.

The rate of improvement in WM capacity from age 14--19 differed considerably between individuals ([Fig. 2](#fig0010){ref-type="fig"}B). Although the variance in improvement can be partially attributed to a regression towards the mean (subjects with the higher number of errors at the first assessment tend to improve more than subjects with lower number of errors), closer inspection of [Fig. 2](#fig0010){ref-type="fig"}A shows that regression towards the mean is not the only phenomenon observable. Indeed, subjects committing a number of errors close to the group mean showed variable amount of improvement, thus excluding a simple regression toward the mean effect. The analyses we performed tried to identify the source of this variance.

We found that an interaction between rs40184 and putamen volume predicted WM development between the age of 14 and 19. Neither the main effect of rs40184 nor the main effect of putamen volume alone was significant, which suggests that the effect of rs40184 on WM was only related to the interaction with the morphology of the putamen. These results were confirmed using grey matter density in the putamen. Using both volume and GM density measures, we were able to show that the effect of putamen morphology on WM development differed in TT homozygotes relative to TC heterozygotes and the CC homozygotes. Bayes Factors calculated for the model including the interaction between rs40184 and morphometry using two different indexes for morphometry (i.e. overall volume and GM density) converged towards comparable evidence in favor of the alternative hypothesis, thus corroborating our findings.

The putamen is a key structure for WM performance, as it is associated with important functions as filtering of irrelevant stimuli in WM tasks ([@bib0210]; [@bib0035]), and updating of item in WM ([@bib0390]). It projects not only to the motor cortex, but also to the frontal and parietal lobes ([@bib0370]). The fronto-parietal network has been consistently reported as the neural underpinning of visuo-spatial WM development ([@bib0090]; [@bib0155]; [@bib0335]; [@bib0255]). A direct involvement of the putamen in executive function has been recently suggested by [@bib0290] by means of a coordinate based meta-analysis of the literature reporting activation within the striatum ([@bib0290]). Noteworthy for our hypothesis, the putamen has also been associated with the amount of improvement after WM training ([@bib0145]) as well as to transfer to untrained skills after WM training ([@bib0095]).

Variability in the DAT1 gene has previously been associated with both WM development ([@bib0320]) and WM training ([@bib0060]), at least in adulthood. [@bib0060] found the same SNP associated with the response to WM training (rs40184) as the one we found associated with WM development. To our knowledge this is the first time that an interaction between the DAT1 and volume of putamen on WM development in adolescence has been reported.

The interaction between volume of putamen and DAT1 polymorphism on WM development can be interpreted as an interplay between genetic variability and naturally occurring brain development. Both cross-sectional ([@bib0255]) and longitudinal studies ([@bib0110]) have shown that putamen volume decreases with development. Variability in the DAT1 gene (VNTR) is also related to availability of the dopamine transporter, specifically in the putamen ([@bib0135]). A tentative hypothesis invokes the inverted u-shape dose-response curve of dopamine on behavior ([@bib0010]; [@bib0380]; [@bib0125]; Cools and D'Esposito, 2011). The apex of the u-shaped curve when optimal performance is achieved may not be fixed and may move during brain development. In this study the TT homozygotes with smaller putamen volume at age 14 would be already near the apex of the curve, thus performing better than their counterparts with greater putaminal volumes both at age 14 and 19. On the other hand, TC heterozygotes with greater putaminal volumes would reach the apex later on during development (i.e. when attaining smaller putaminal volume due to occurring brain development). This in turn would lead them to improve more than their TC counterpart with smaller putamen (i.e. those which are already close to the apex of the u-shaped curve). A corollary of this hypothesis is that the observed association between DAT1 and WM performance in children and adolescents with ADHD ([@bib0345]) may not be a permanent deficit but rather an effect of slower development (i.e. a lagging morphological development of the putamen). This latter hypothesis would be corroborated by finding that older age is associated with smaller putamen volume in healthy participants but not in ADHD ([@bib0130]).

The effect of the interaction between rs40184 and volume of the putamen measured at age 14 showed higher significance for future WM performance (i.e. at 19) than for the concurrent one (i.e. at 14), even when the former was corrected for WM performance at 14. This is in line with the proposed hypothesis that the physiological mechanisms related to WM capacity and plasticity are partially dissociated, and that the dopaminergic system involving the striatum would be more related to plasticity than capacity ([@bib0165]). This is also in agreement with two previous studies ([@bib0375]; [@bib0100]) suggesting that activity in the striatum but not from the cortex can predict WM development. The difference in the striatal region found to be associated with development (putamen in the current study and caudate nucleus in [@bib0100] and [@bib0375]) could be due to the different tasks and indexes used to assess WM. While [@bib0100] and [@bib0375] used a sequence-repetition task and the number of remembered items as index of WM, in the present study a self-ordered spatial working memory task was used, which simulates an optimal foraging task in which participants have to remember not to return to previously rewarded locations. The structure of the CANTAB task, in which the subject has to maintain active the previously visited locations in order not to visit them again, relies on visuomotor monitoring and updating processes to a greater extent than a simple sequence-repetition task, which may thus implicate the putamen to a greater extent ([@bib0210]; [@bib0035]; [@bib0390]).

We found no significant effects nor interaction with the DRD2/ANKK1 and COMT polymorphisms. As for DRD2/ANKK1, this polymorphism was previously found to be associated with improvement after WM training ([@bib0315]) and to influence the effect of ventral striatal BOLD signal on concurrent WM performance ([@bib0240]). A lack of effect for DRD2/ANKK1 in the presence of a significant effect of variability in DAT1 could reflect a difference in mechanisms between training and development. Furthermore, the effect of DRD2/ANKK1 on concurrent WM found by [@bib0240] was exerted through an interaction with BOLD signal in the ventral striatum during a reward anticipation task, a measure that was not included in the present study.

At variance with Dumontheil and colleagues (2011), we did not find a behavioral effect of the COMT gene on WM development nor an interaction between volume of the putamen and COMT SNPs. As for the lack of interaction between COMT SNPs and volume of the putamen, this is expected, as it has been shown that the COMT gene has an effect on cortical, but not striatal dopamine metabolite level ([@bib0140]). Furthermore, Dumontheil and colleagues used a sample ranging from 6 to 20 years old, while the present sample ranged from 14 to 19 years old.

Overall, our results suggest that there is a partial overlap between physiological mechanisms related to WM development and to WM training-related improvement: in particular there would be an interplay between striatal morphology and a dopaminergic related gene that could influence both development and training-improvement. If development and training partially share the same physiological mechanism one can wonder about the difference in the extent of the effect of these two processes: while it has been shown that training is effective in improving WM performance, the extent of this improvement is not as big as that seen during development. Several factors can be invoked to explain this difference: first, the extremely different time-scale involved in the two processes. Moreover, as stated in the introduction; natural development occurs in the natural environment, that is by nature multimodal, multisensorial and more engaging than any training setting can be

One limitation of this study was the use of a single measure in order to characterize WM development. In particular, using different tasks to measure WM capacity could lead to both a more reliable measure, by means of combining different validated measures and a finer grained picture of WM development, allowing to observe potential dissociation between verbal and spatial WM. Indeed, future studies could focus on differential interaction between striatal morphology and genetic variability on different aspect of WM development. A second limitation of the study is the age range of the sample we included: previous studies have shown how fastest rate of WM development happens at younger ages that the ones included in our sample (e.g. between 6 and 11--12 years old; ([@bib0195]), between 8 and 20 years old ([@bib0300]) and ([@bib0115])). The IMAGEN study was indeed devised with a focus on factors related to mental health during adolescence, and as such included subjects between 14 and 19 years old. However, the unique nature of the dataset, following hundreds of subjects longitudinally while including imaging, genetic and cognitive measures, allowed us to test relevant and specific hypothesis about the physiological underpinning of WM development. It is worth mentioning that the subjects participating both at baseline and follow-up had higher WM performance at baseline that subjects that did not participate in the follow-up. This means that our results may not generalize to subjects in the lowest spectrum of WM performance. However, our results are still valid for the entire range present in our sample. Finally; the lack of a control task not tapping working memory leave open the possibility that the interaction between putamen morphology and rs40184 that we found to affect WM development could be generally related to cognitive improvement rather than be specific for working memory, future studies including tasks tapping on different cognitive functions will be able to exclude this possibility.

In conclusion, this study showed that the DAT1 SNP rs40184, which has been previously associated with training-related improvement in WM ([@bib0060]) and fluid intelligence ([@bib0310]) and that is known to affect the level of dopamine transporter in the putamen ([@bib0135]), is a predictor of development-related plasticity of WM. The association is not between genetic variation and WM per se, but it is exerted through an association with putaminal morphological development.
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